Abstract. Zirconyldichloride modified polycarbosilazane (PZrSZO) has been synthesized from two-component dichlorosilanes (methyldichlorosilane and methylvinyldichlorosilane), zirconyldichloride, and ethylenediamine using triethylamine as acid-absorbing agent and tetrahydrofuran as solvent.
Introduction
Zirconium-contained polymer derived ceramics (PDCs) as a multicomponent ceramics have received tremendous attention in developing high-temperature multicomponent ceramics due to their enhanced thermal stability, oxidation resistance, creep resistance and alkali corrosion resistance when compared with the respective non-modified ceramics, and show promising potentials for high-temperature applications in energy, transport, nuclear and electronic industry. The excellent high-temperature and mechanical properties of the zirconium-contained PDCs mainly arise from embedding of Zr which could suppress the carbothermic reduction of PDCs at high temperature. For example, carbothermic reduction will occurs in the SiOCs through the amorphous SiO 2 and "free carbon" to form polycrystalline SiC at above 1300 °C accompanied with the release of gaseous CO, which tends to cause mechanical failure at high temperatures. [1, 2] Zr could embed into SiO 2 and SiC phase to form refractory phases, for instance ZrC, ZrO 2 , ZrSiO 4 and ZrSi 2 , which suppress the aforementioned decomposition of SiO 2 and free carbon to improve their thermal stability. [3] Zirconium-contained silicon-based ceramics (such as SiC [4, 5] , SiCN [6, 7] , SiO 2 [8, 9] and SiOC [3, 10] ) have been prepared through physical mixing of ZrO 2 into organosilicon precursors followed by sintering [3] , using zirconium alkoxide/salt modified organosilicon precursors followed by crosslinking and pyrolysis [3, 5, 6] , or using silicon and zirconium alkoxides by sol-gel method [11, 12] . Ionescu et. al. [3] prepared SiOC/ZrO 2 by two methods: (1) mixing ZrO 2 nanoparticles into polymethylsilsesquioxane (PMS) precursor, (2) using zirconium alkoxide modified PMS as precursor, followed by crosslinking and pyrolysis, and studied their microstructures and properties. The physical mixing method derived zirconium-contained ceramics showed high ZrO 2 content, and low volume shrinkage during the pyrolysis. However, the zirconium enrichment areas had been observed due to the aggregation ZrO 2 nanoparticles in the PMS precursors, which may affect their thermal stability and mechanical properties at high temperature. [13] [14] Compared with physical method, directly incorporation of zirconium or other metal elements into PDCs by chamical reactions makes an excellent combition between zirconium and organosilicon precursors in atomic level. Zirconium alkoxide modified SiOC/ZrO 2 shows excellent thermal stability with mass loss of 11% at 1600 °C when ZrO 2 content is only 6.54 mol% resulting from the homogenous dispersion of ZrO 2 in the final ceramics. Raj et. al. [5, 6] obtained SiZrCN fibers from polysilazane modified by zirconia-alkoxide, and the fibers showed excellent mechanical properties with tensile strengths reaching 2.8 Gpa and lower oxidation rate at 1350 °C compared with pure SiCN. Invanova et. al. [12] prepared SiOCNZr ceramics from tetramethoxysilane, trimethylsililisocyanate and zirconium tetraisopropoxide (Zr(OPr) 4 ) by sol-gel method, and the ZrO 2 grain size and growth rate of crystal could be controlled by the pyrolysis temperature and the zirconium content. Sandra et. al. [11] also prepared SiOCZr ceramics from diethoxydimethylsilane and Zr(OPr) 4 by sol-gel method and mainly studied the thermal evolution during different temperature intervals. FTIR analysis showed that Si-O-Zr bond was formed in the sample with 50% zirconium, and the dense SiOCZr ceramics was obtained by pyrolyzing at 1000 °C. Xu et. al. [13] synthesized a polyorganozircosilazane precursor through the condensation reaction of hexamethylcyclotrisilazane linthium salts (D 3 Nli ) and zirconium tetrachloride with tetramethyl ethylene diamine (TMEDA) as an accelerant. The presence of TMEDA prompted the reactivity of D 3 NLi and obtained higher precursor yield of 90% than the absence one. In this work, PZrSZO precursors was synthesized through coaminolysis reaction of dichlorosilanes, zirconium salts (ZrOCl 2 ) and ethylenediamine (EDA) to realize the incorporation of zirconium into precursors by one step. And then SiZrCNO ceramics was obtained from PZrSZO by pyrolyzing at 1000 °C and 1500 °C for 1 h under Ar. The chemical structures, morphology and pyrolysis behavior of the PZrSZO precursor and the SiZrCNO ceramic were investigated.
Experimental
PZrSZO precursor was synthesized from dichlorosilanes (vinylmethyldichlorosilane, MeViSiCl 2 , Hubei Wuda, China and methyldichlorosilane MeHSiCl 2 , Beijing Shenda, China), zirconyldichloride (ZrOCl 2 8H 2 O, Tianjin jiangtian, China) and ethylenediamine (EDA, NH 2 CH 2 CH 2 NH 2 , Tianjin Kewei, China) using triethylamine as acid absorbing agent and tetrahydrofuran (THF) as solvent in flowing argon. Zirconyldichloride (6.4010 g, 0.0359 mol) added in to three-neck flask were dried at 140 °C for 1 h under vacuum to remove the crystal water, and then 30 ml THF was added to resolve the ZrOCl 2 under magnetic stirring at 90 °C. Next, ethylenediamine (13.2 ml, 0.2166 mol) and triethylamine (38.9 ml, 0.2791 mol) were added. MeHSiCl 2 (9.7 ml, 0.0928 mol) and MeViSiCl 2 (12.2 ml, 0.0934 mol) were dissolved in 50 ml THF and carefully added into abovementioned ZrOCl 2 /EDA/THF solution at a rate of 1 ml/min. Then the reaction solution was heated to 100 °C and stood for 2 h. White solid sediments of triethyl ammonium chloride from triethylamine absorbing HCl by-product were then removed by filtration and washed three times with THF. The filtrates were collected and concentrated by distillation, giving out orange solid PZrSZO of 7.175 g corresponding to a yield of 29 wt.%. PZrSZO precursor was pyrolyzed in a tube furnace at 1000 ºC and 1500 ºC for 1 h in flowing argon with heating rate of 5 ºC/min for ceramization.
The chemical structure of PZrSZO precursor and SiZrCNO ceramic were selectively characterized by Fourier Transform Infrared Spectroscopy (FTIR, Ruili WQF-510, Beijing, China), Nuclear Magnetic Resonance Spectroscopy ( 1 H NMR, Varian Inove 500 MHz, CA, USA) using CDCl 3 as solvent. Pyrolysis behavior of the PZrSZO precursor was studied by Thermogravity Analysis (TGA, Netzsch STA4492, Waldkraiburg, Germany) in flowing argon with a heating rate of 10 °C/min. Phase compositions and microstructures of SiZrCNO were characterized by X-Ray Diffractometry (XRD, Rigaku D/MAX 2500V/PC, Tokyo, Japan) using Cu-K α and Scanning Electron Microscopy (SEM, XL30ESEM, Phlilps, Eindhoven, Holland). Elemental compositions (C, N, O and H) of SiZrCNO were determined by EDS (GIF 863 Tridiem, FEI, Holland).
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Results and Discussion
PZrSZO precursors have been synthesized by the coaminolysis reaction of dichlorosilane mixture and ZrOCl 2 with EDA using triethylamine as acid-absorbing agent and tetrahydrofuran as solvent. The as-synthesized PZrSZO is an orange solid with a little elastic, as shown in Fig. 1a . Its chemical structure was analyzed by FTIR and 1 H-NMR. FTIR spectrum (Fig. 1b) shows a characteristic absorption band of non-modified PSZO precursor. [15] There is a wide absorption peak at 3400 cm -1 assigned for the -NH 2 stretching vibration, a narrow absorption peak near 956 cm -1 for Si-N vibration, a strong peak at 1079 cm -1 for Si-O vibration, and two peaks at 1261 cm -1 and 1596 cm -1 for Si-CH 3 vibration and Si-C stretching vibration, respectively. [15] 1 H NMR (Fig. 1c) exhibits a wide peak at δ=3.1 ppm assigning for N-H and a sharp peak at δ=2.7 ppm for N-CH 2 -CH 2 -N, respectively. The presence of Si-NH and N-CH 2 -CH 2 -N groups indicates the formation of Si-N-C-C-N backbone through condensation of ended N-H groups of EDA with Si-Cl groups of dichlorosilanes. Moreover, there are several moderately strong absorption peaks at 2964 cm -1 for C-H stretching vibrations, at 2156 cm -1 for Si-H stretching vibrations and at 1596 cm -1 for Si-Vi vibrations indicating the presence of these structures (-Vi, -H and -Me) as the side groups in the PZrSZO precursor, which is in accordance with 1 H NMR analysis (δ=~5.8 ppm for Si-CH=CH 2 , δ=~4.7 ppm for Si-H, δ= ~0 ppm for Si-CH 3 ). The FTIR and 1 H NMR results reveal that PZrSZO suggest a structure of ethylene-bridged polycarbosilazane having -Si-N-C-C-N-as backbone chain with -CH=CH 2 , -H and -CH 3 attached to Si as side groups, which is similar to that of non-modified PSZO precursor [16] . According to Gupta's study, Zr-N stretching vibration will appear at 532 cm -1 [17] , and then the weak peak at 532 cm -1 in FTIR of PZrSZO should be attribute to Zr-N bond suggests that Zr has been incorporated into polycarbosilazane through coaminolysis reaction. Black SiZrCNO ceramics are obtained from PZrSZO by pyrolysis at 1000 °C for 1 h in argon. The ceramic yield is ~63 wt% calculated by weight before and after pyrolysis, and this value is in keeping with TGA result. TGA analysis (Fig. 2) shows its total weight loss is 38.8 % up to 1000 °C, which corresponding to the ceramic yield of 61.2 %. The weight loss of PZrSZO precursor could be divided into three steps: a) 17.8 wt% from room temperature to 340 °C; b) 12.0 % from 340 °C to 500 °C; c) 7.1% from 500 °C to 710 °C. The largest weight loss appears around 340 °C due to the decomposition of small molecules or oligomers [18] suggesting the inadequate cross-link reaction of PZrSZO precursor. The weight loss during 500 °C~700 °C is due to the dehydrogenation of H-contained groups (such as CH 3 Si-H and N-H) in precursor accompany with the release of by-products (such as H 2 , CH 4 and other small-molecule gases) during the or organic-inorganic transformation process. [3] There is less 2.0 wt. % weight losses after 710 °C indicating the completion of transformation from organic to inorganic. SEM analysis obaserved the surface topography of SiZrCNO ceramic showed in Fig. 3a . Its surface is dense and without any visible defects such as cracks and pores. EDS analysis exhibits that the elements in SiZrCNO ceramic are Si, Zr, C, N, and O, as shown in Fig. 3b . Table 1 XRD analysis are exploited to analyze the phase structures of SiZrCNO ceramics obtained at different temperatures (Fig.4) . For SiZrCNO obtained at 1000 °C, sharp diffraction peaks appear at 20.8°, 26.5°, 36.4°, 42.4°, 50.1°, 59.9° and 68.1° which can be attributed to the (100), (101), (110), (200), (112), (211) and (023) plane of quartz (JCPDS No.65-4066), respectively, and a small broad diffraction pattern at 2θ=22 ° is assigned to amorphous silica phase. When pyrolysis temperature increases to 1500°C, the diffraction peaks are sharper and higher than that of 1000 °C. XRD results show SiZrCNO ceramics are of mixed amorphous silicon carbonitride oxygen phase and quartz nanocrystalline. 
Conclusion
In this paper, PZrSZO precursor has been synthesized by one-step coaminolysis reaction of two-component dichlorosilanes and zirconyldichloride with ethylenediamine. FTIR and NMR analysis show they own -Si-N-C-C-N-as its backbone chain and -CH=CH 2 , -H and -CH 3 attached to Si as side groups with the incorporation of zirconium in the form of Zr-N. The SiZrCNO ceramic was obtained from PZrSZO precursor by pyrolyzing at 1000 ºC with a ceramic yield of 63 wt.%.
